Long-term studies with a gliding, heterotrophic bacterium, Cytophaga johnsonae, were conducted in a glucose-limited chemostat at a high and a low dilution rate. To test the stability of the steady state during long-term experiments the following parameters were monitored: optical density, glucose concentration, glucose, uptake potential, ATP content of the cells, and plate counts on two different agar media. Biomass remained relatively constant, although the observed changes could have been possible in both directions. During all steady states, glucose uptake showed a stepwise increase and the glucose concentration showed a corresponding decrease. Glucose uptake potential and glucose concentration in the chemostat were inversely proportional. The ATP content of the cells varied up to 33% during the steady state, but did not show a general trend. After long cultivation in all chemostats, plate counts on both agars dropped to values less than 20% of the original steady-state level. These decreases were due to an inability of the cells to grow on agar plates, not to a lack of vitality of the cells in the chemostat. This study showed that even during shorter chemostat runs, e.g., 1 week, changes in important parameters with the steady state must be expected, especially in the uptake potential and the concentration of the limiting substrate.
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During the last three decades the chemostat has become a valuable and well-established tool in microbial physiology and ecology (5, 25, 41, 43, 44) . Despite the extensive use and sound mathematical description of the ehemostat (1, 16, 36) , several basic biological questions remain to be answered.
The first and most basic question is that of the stability and duration of the so-called steady state, i.e., the final state of operation when the biomass and the chemical environment in the chemostat are considered to be constant. This constancy is the basic assumption for all steadystate kinetics (16) . However, there are only a few general and somewhat contradictory comments on the constancy of the biomass and the concentration of the limiting substrate during long-term steady states in the literature (16, 31, 41) .
The second question concerns the biological activity of the cultured microorganisms and their interaction with the chemical environment. Although this aspect is essential to the self-adjusting behavior of the continuous culture, it has often been neglected. However, changes in the activity of microorganisms during a prolonged steady state are well known (8, 9, 23, 28, 29, 31) .
The third question concerns the viability of the cells in the chemostat and the reduction of their viability at low growth rates (34, 35, 41, 42) . Whether this reduction of viability reflects dead cells in the chemostat or is an artifact of the viability determination is uncertain (5) .
The ecological focus of this study was the investigation of the behavior of populations of microorganisms under prolonged carbon and energy limitation. These environmental conditions, often prevailing in pelagic aquatic habitats, provide a severe challenge to microorganisms (20, 27, 43) . In this respect the substrate uptake and viability of the stressed organisms are of special interest.
Cytophaga johnsonae was chosen as a test organism to study the above-mentioned questions of general and ecological concern. This gliding bacterium is well known for its occurrence in a variety of aquatic habitats (2, 7, 11) and represents a group of microorganisms known for its phylogenetic distance from the Enterobacteriacae (38) . This phylogenetic distance not only is important for the ecology of free-living bacteria, but should also allow a further generalization of the results (32, 43) .
Long-term studies of glucose-limited chemostat cultures of C. johnsonae were undertaken to investigate both the physiological and the ecological aspects. The biological activity of the cells in the chemostat was monitored by measuring their glucose uptake potential, the residual glucose concentration, their ATP content, and their ability to grow on two different agar media.
MATERIAL AND METHODS Organism. C. johnsonae C-21, a freshwater isolate with psychrotrophic growth characteristics, has been described previously (21) . A (33) . To calculate the specific CFUs, the OD value of the undiluted suspension and the abovementioned dry weight calibration curve were used.
Uptake assay. For all uptake assays, the cells were washed as follows: a cell suspension was filtered (vacuum, 0.1 bar) onto a Nuclepore filter (47-mm diameter, 0.2-p.m pore size; Nuclepore Corp.). The cells on the filter were washed two times with 10 ml of sterile mineral medium and were suspended in mineral medium at a concentration of 1 to 2 mg (dry weight) per ml. This washing procedure (necessary for standardization and removal of unlabeled glucose) was far superior to centrifugation, since washed cells showed no significant difference in uptake compared with unwashed cells. The nitrate; Sartorius), filtered immediately, and washed with 8 ml of mineral medium. Immediately after filtration the membrane filters were put in scintillation vials filled with a dioxan-based scintillation cocktail. The counts per minute of the filters were determined with a Beckman LS 7500 scintillation counter. The absolute uptake rate was calculated from the slope of the leastsquares linear regression line for the five pairs (counts per minute, time). Typical results of the uptake assay showed very good linearity and a correlation coefficient greater than 0.99. To calculate the specific up-take rate, the OD of the washed cell suspension was used as a measure of the biomass. Specific uptake rates in all experiments were measured under the above-indicated conditions; they therefore represent potential uptake rates of the cells and not actual uptake rates in the culture.
RESULTS
Long-term changes in the biomass concentration. The constancy of the biomass X is (according to the steady state condition dX/dt = 0) the basic criterion for reaching and stabilizing the steady state in a continuous culture (16) . OD measurements for C. johnsonae showed a constant and growth rate-independent relationship with dry weight ( Fig. 1 and 5). These changes are relatively rare and stochastic events. They only occurred once in all chemostat runs and showed both increase and decrease of the cellular yield. The third possibility was also realized: the biomass showed no significant changes over more than 2,000 h (Table 1, run CH/II-6). The biomass change was at most 24.2% of the initial steady-state value, which is relatively small in comparison to the other measured parameters.
Long-term changes in glucose uptake and glucose concentration. The glucose uptake and the glucose concentration in the chemostat were first followed in a chemostat with a high dilution rate (D = 0.15 h-1, 75% ixmax). The results show a stepwise increase of the glucose uptake potential of the cells and a corresponding decrease of the glucose concentration in the reaction vessel (Fig. 1 of these average steady-state levels are given in Table 2 . The first plateau for the glucose concentration is not shown in Fig. 1 because of scale problems, and the first uptake plateau is only represented by its final point. Details of the transient and the first steady state are described elsewhere (22) . The relationship between the glucose uptake potential of the cells and the glucose concentration in the chemostat seems to be inversely proportional and could be described by the following equation (formula 1):^= a/vgluc, where ' is the glucose concentration in the chemostat, a is the proportionality constant, and vgluc is the glucose uptake potential. Figure 2 shows that the hyperbolic dependence of the glucose concentration on the glucose uptake potential and that the data presented in Table 2 fit well into formula 1 when the mean proportionality constant a is used. A second test for the validity of formula 1 is the linear transformation of the data according to the following equation (formula 2) (Fig. 2, insert The occurrence of similar stepwise changes in the glucose uptake potential at a low growth rate (D, 0.03 h-1) when a different, high-affinity glucose uptake system is working (22) can be seen in Fig. 3 . Results from two independent chemostat runs show that the uptake potentials are nearly the same within the first 500 h. After the first steady state was reached, the uptake in run I increased more slowly than that in run II, where a maximum uptake of 7.3 nmol of glucose per min per mg (dry weight) was reached after 1,000 h. This rate was twice as high as the final rate reached in run I after 1,800 h. These differences indicate that the glucose uptake potential of a C. johnsonae population is only reproducible in the first part of a chemostat run, when the first steady state is reached after the transient state (22) . Random events occur later which lead to unpredictable increases in the uptake potential. Long-term effects on the ATP content. Despite high variance, the ATP content of the cells in the fast-growing chemostat (D, 0.15 h-1) showed no significant changes during the first 800 h (Fig. 4) (Fig. 6) . The average value in this phase was only slightly higher (20%) than the average value for cells of the logarithmic phase of a batch culture. It could be shown for the latter that there was no significant difference between the CFUs and the direct counts (measured on Nuclepore filters by the acridine orange method of Hobbie et al. [18] ) of the cell suspension, i.e., all cells in this phase were viable. After 600 and 750 h the specific CFUs on G2 and N8 agar decreased rapidly to 11 and 14%, respectively, of the first steady-state level.
During the first 300 h in the slowly growing chemostat (D, 0.03 h-1, Fig. 7 ), before the steady state was reached, the specific CFUs increased strongly due to a fragmentation of the cells in this phase (Hofle, Ph.D. thesis). After a sharp decrease in the second half of that transient state, the specific N8 agar CFUs leveled off for a short time before they decreased to a value only 19% of the first steady-state level. In Fig. 7 the specific G2 agar CFUs usual behavior of following the N8 agar CFUs on a slightly lower level; they showed a sudden marked increase between 600 and 750 h. However, after 750 h the CFUs on G2 agar also decreased to a level as low as that of the N8 agar CFUs. In general the CFUs showed a downward trend in all chemostat cultures with prolonged culture time. This trend was more pronounced in slowly growing than in fast-growing chemostats ( Fig. 6 and 7) . DISCUSSION The ATP content of C. johnsonae varied more with time at the steady state than with changes in the dilution rate (Fig. 4 and 5) . The ATP content could change up to 33% of the initial value during steady-state growth. Different growth rates, ranging from 6% jLmax to I.Lmax, resulted only in changes up to 25% of the initial content of ATP (Hofle, Ph.D. thesis). However, these relatively small changes and the range of the ATP contents indicate that the cellular ATP content should be regarded as a conservative parameter, despite the relatively large scatter in the data which has also been observed by other investigators (10, 14) . Cellular ATP content is a rather complex and sensitive value (26), probably reflecting short-term variations in continuous culture due to unknown metabolic or operationally induced oscillations (14) and is therefore not very apt as a biomass parameter in chemostats.
Nonconservative parameters. In contrast to biomass, bioactivity is a nonconservative parameter. This can be seen especially in the uptake of glucose, the limiting substrate in these continuous cultures (Fig. 1) . The stepwise increase of the glucose uptake potential during prolonged continuous culture, showing an overall 25-fold increase, can be interpreted as an improvement of the glucose uptake mechanisms or their regulation by mutants. A similar phenomenon has been studied for the amino acid uptake of Escherichia coli in amino acid-limited chemostats. It has been shown that an increased uptake potential was caused by an increase in the number of protons taken up during amino acid uptake via a proton symport mechanism (8) .
Because of the inverse proportionality between substrate uptake potential and substrate concentration, an increase in the uptake potential causes a decrease in the substrate concentration (Fig. 1) . For a certain period of time, between different plateaus, a disturbance of the steady state occurs in substrate concentration and uptake without any significant effect on the biomass. Thus, a steady state in respect to the substrate flux is only achieved at the five plateau situations (Table 2) and not during the transitions between them. This inverse relationship between substrate uptake potential of the bacteria and the ambient substrate concentration also shows how strongly coupled the levels of the limiting substrate are to the activity of heterotrophic microorganisms.
The steep decreases of the specific CFUs during both long-term runs at different dilution rates ( Fig. 6 and 7 (40) . Such a high growth rate has never been reported for a bacterium growing at 20°C in a glucose mineral medium without any additional precursor compounds. It can therefore be assumed that during long-term runs the bulk of the C. johnsonae population loses its ability to grow on agar plates without losing its vitality or metabolic activity in the continuous culture. The inability of large parts of the C. johnsonae population to grow on agar plates after a certain time in a steady state of a glucose-limited continuous culture is also interesting from an ecological point of view, since it is well known that only a very small fraction of the total number of bacteria in a water sample is able to grow on agar plates (24) . The most common explanation for this behavior offree-living aquatic bacteria is that the agar is too selective for the growth of most bacteria. This is certainly not the reason for the drop of the CFUs in the chemostat cultures because the medium remained the same during the whole experiment. Only an intrinsic change in the population could be responsible for this behavior.
A hint for a possible mechanism could be that the specific CFU on N8 agar drops as the glucose uptake rate showed a great absolute increase in the fast growing chemostat (3rd to 4th plateau in Fig. 1 and 6 ). This would lead to the explanation that, after a certain high uptake potential is reached, the cells become sensitive to the high substrate concentration on the agar plate and most cells are unable to multiply due to an oversupply of nutrients. This would be similar to the substrate-accelerated death reported by Postgate and Hunter (35) . However, it can be seen in the curve of the specific CFUs on G2 agar in the slowly growing culture (Fig. 7) that the responses of C. johnsonae could also be the opposite. The strong increase of the CFUs on G2 agar between 550 and 750 h when the glucose uptake potential is already high or rising (Fig. 3) and when glucose should be a traumatic substrate cannot be explained as substrate-accelerated death caused by an increased uptake potential. It is therefore obvious that the uptake potential for the limiting substrate is not the only factor influencing the ability of the cells to grow on agar plates. Despite these puzzling findings, the results show that long-term chemostat runs can be used for experimental studies of the reasons that most aquatic bacteria do not grow on agar plates.
General conclusions. Changes in important parameters can occur during steady-state growth in chemostats. At higher growth rates these changes can occur within 1 week after reaching steady state and not within 1 month as stated by Herbert et al. (16) and Tempest (41) . These longterm changes occur in addition to short-term physiological regulations which are especially important for chemostat studies in which more than one transport system is present for the limiting substrate (22) .
Changes in the residual concentration of the limiting substrate, a basic parameter of the chemical environment, must be expected due to changes in substrate uptake potential while the biomass remains constant. The chemical environment of the chemostat is therefore much more time dependent than the biomass. The assessment of the residual concentration of the limiting substrate in the chemostat is therefore a more sensitive parameter for measuring changes during a steady state than the biomass. Monitoring the substrate concentration, usually omitted because of analytical difficulties (37) , would allow the verification of the constancy of the substrate concentration. As shown in this study, this concentration, usually assumed to be low and constant, can change greatly.
Harder et al. (12) suggested that selection pressure is strongest on the rate-limiting step of the substrate-limited growth in a chemostat. If this is true, the stepwise increase of the uptake potential of the limiting substrate indicates that the uptake of the limiting substrate is the ratelimiting step during growth of C. johnsonae in chemostat culture. This is in accordance with the findings of Herbert and Kornberg (17) , who showed the interdependence of substrate transport and growth rate in chemostat cultures with E. coli. Koch and Wang (28) also reported recently that during a long-term glucose-limited chemostat run with E. coli, the saturation constant for growth k, increased, whereas the maximum growth rate decreased. All of these results indicate that there is strong regulation and selection in the chemostat for the saturation constant for growth, k, which in turn is closely related to the saturation constant km of the uptake systems for the limiting substrate (22) . A quantitative relationship between these two saturation constants remains to be developed and should be one of the goals of future chemostat research.
These results show that the time independence of microorganism populations in chemostats should be carefully monitored and that, for longer chemostat runs, the history of the popula- 
